We have conducted a search for L subdwarf candidates within the photometric catalogues of the UKIRT Infrared Deep Sky Survey and Sloan Digital Sky Survey. Six of our candidates are confirmed as L subdwarfs spectroscopically at optical and/or near infrared wavelengths. We also present new optical spectra of three previously known L subdwarfs (WISEA J001450.17-083823.4, 2MASS J00412179+3547133, ULAS J124425.75+102439.3). We examined the spectral types and metallicity subclasses classification of known L subdwarfs. We summarised the spectroscopic properties of L subdwarfs with different spectral types and subclasses. We classify these new L subdwarfs by comparing their spectra to known L subdwarfs and L dwarf standards. We estimate temperatures and metallicities of 22 late type M and L subdwarfs by comparing their spectra to BT-Settl models. We find that L subdwarfs have temperatures between 1500 K and 2700 K, which are higher than similarly-typed L dwarfs by around 100-400 K depending on different subclasses and subtypes. We constrained the metallicity ranges of subclasses of M, L and T subdwarfs. We also discussed the spectral type and absolute magnitude relationships for L and T subdwarfs.
cient halo, and represent extremes in low-metallicity and old-age amongst Galactic populations. They can reveal the fundamental interior structure physics around the substellar mass limit, and are crucial to our understanding of complex ultra-cool atmospheres and the star formation mechanisms of the early Universe. VLMS (M < ≈ 0.5 M ; Grossman, Hays, & Graboske 1974; Baraffe et al. 1995) are red dwarfs at the low-mass end of the Hertzsprung-Russell diagram's stellar main sequence. BDs are substellar objects with masses below the hydrogen burning minimum mass, which ranges from 0.075-0.092 M for solar to primordial metallicities according to theoretical models (Burrows et al. 2001) . Primeval VLMS with M < ≈ 0.1 M and BD have sub-solar metal-licity and are generally referred to as ultra-cool subdwarfs (UCSDs). VLMS and BDs are classified as M, L, T, and Y types according to spectral morphology that is dominated by temperature-dependent chemistry and thermal emission (Kirkpatrick, Henry, & McCarthy 1991; Kirkpatrick et al. 1999; Martín et al. 1999; Burgasser et al. 2002; Cushing et al. 2011) . A massive BD could be a late-type M dwarf when it is about 0.1-Gyr old, but then cools becoming a late-type L dwarf after about 10-Gyr. L subdwarfs represent the lowest mass stars with subsolar metallicity and also include massive metal-poor BDs (e.g. 2MASS J05325346+8246465, referred to as 2M0532; Burgasser et al. 2008b ). L subdwarfs, (e.g. 2M0532; Burgasser et al. 2003) , exhibit characteristic spectral signatures due to strong metal hydrides (e.g. FeH), weak or absent metal oxides (e.g. VO, CO), and enhanced collision-induced H2 absorption (CIA H2; Bates 1952; Borysow, Frommhold, & Moraldi 1989; Borysow, Jorgensen, & Fu 2001; Abel et al. 2012; Saumon et al. 2012) in the near infrared (NIR) .
Modern large scale optical and NIR surveys have the capability to identify L subdwarfs, although they are very rare compared to L dwarfs. About 22 L subdwarfs have been reported in the literature from different surveys (see Section 4.3). The Two Micron All Sky Survey (2MASS; Skrutskie et al. 2006 ) observed in three NIR filters (J, H and Ks), and searches therein have yielded eight L subdwarfs (Burgasser et al. 2003; Burgasser 2004a; Burgasser et al. 2004b Burgasser et al. , 2008c Cushing et al. 2009; Kirkpatrick et al. 2010 ). Scholz, Lodieu, & McCaughrean (2004) discovered an L subdwarf by its high proper motion, measured across 2MASS and SuperCOSMOS Sky Survey epochs (Hambly et al. 2001) . The Sloan Digital Sky Survey (SDSS; York et al. 2000) has imaged 14555 deg 2 of the sky in five optical bands (u, g, r, i, z) , yielding several L subdwarfs with i and z-band detections. In addition two L subdwarfs have been identified using the SDSS spectroscopic survey (e.g. Sivarani et al. 2009; Bowler, Liu, & Dupuy 2010; Schmidt et al. 2010; Burningham et al. 2010) . The UKIRT Infrared Deep Sky Survey (UKIDSS; Lawrence et al. 2007 ) Large Area Survey (hereafter ULAS) has imaged 3500 deg 2 of sky in four near-infrared filters (Y, J, H and K), and is about three magnitudes deeper than 2MASS (thus being sensitive to a volume about 5.5 times larger). UKIDSS has yielded three L subdwarfs to-date (e.g. Lodieu et al. 2010 Lodieu et al. , 2012 . Most recently the Wide-field Infrared Survey Explorer (WISE; Wright et al. 2010 ) has revealed eight L subdwarfs (Luhman & Sheppard 2014; Kirkpatrick et al. 2014 Kirkpatrick et al. , 2016 .
Model atmospheres ) have been developed and used to characterise VLMS and BD (e.g. Burgasser et al. 2009 ). The BT-Settl models (Allard, Homeier, & Freytag 2011; Allard et al. 2013; Allard, Homeier, & Freytag 2014 ) cover a wide range of metallicity, and their success at reproducing observed L subdwarf spectral energy distributions (SED) suggests that they are an effective means to estimate their atmospheric parameters.
The classification scheme for L subdwarfs has not been fully established due to the small number of confirmed objects. A proposed method is to assign spectral types for L subdwarfs by comparing their optical spectra to those of L dwarfs (Burgasser, Cruz, & Kirkpatrick 2007a ). Metallicity subclasses for L subdwarfs are also unclear, however, d/sdL (mildly metal-poor), sdL, and esdL (extremely metalpoor) subclasses have been proposed (e.g. Burgasser, Cruz, & Kirkpatrick 2007a; Kirkpatrick et al. 2010) , and metallicity sensitive signatures observed in a number of L subdwarf spectra (e.g. Fig 29 of Kirkpatrick et al. 2010) .
To properly understand and characterise L subdwarfs, it is necessary to identify a sample that covers a wide range of effective temperature (T eff ) and metallicity. In this paper we present the discovery of six new L subdwarfs. Our candidate selection process is presented in Section 2. Section 3 presents the follow up spectroscopic observations. Section 4 describes our spectral classification and characterisation of L subdwarfs. Atmospheric properties of UCSDs derived through model comparison are presented in Section 5. Finally, Sections 6 and 7 present further discussion and a summary.
CANDIDATE SELECTION
L subdwarfs are kinematically associated with the Galactic halo and thick disc, and thus they generally have high space velocities relative to the Sun, and hence higher proper motions and larger dispersion of radial velocities than the disc population. L subdwarfs also have bluer optical and NIR colours (e.g. i − J and J − K, see Figure 1 ) than L dwarfs due to a variety of factors including flux suppression due to enhanced CIA H2 which is stronger in the K-band than the J-band. We conducted a search for L subdwarf candidates by combining the ULAS and SDSS databases. We used both photometric and proper motion (> 100 mas/yr) criteria to select L subdwarf candidates from the 10th data release of ULAS and the 8th data release of SDSS, which have a coverage overlap of over 3000 deg 2 . Our photometric selection criteria consist of five colour cuts and one magnitude cut:
(1)
3.0 < i − J < 6.0 (4) 1.4 < z − J < 3.2 (5) 12 < J < 18.2
These criteria are based on the colours of known L subdwarfs (e.g. Table 6 in Kirkpatrick et al. 2014 ) and consideration of the colours of M, L and T dwarfs (West et al. 2008; Day-Jones et al. 2013 ) which we wish to reject. Criterion (1) rejects early type stars which have bluer Y − J colour. Criteria (2) and (3) reject M and L dwarfs which have redder J − K colours. Criteria (4) and (5) reject M subdwarfs and T dwarfs which are bluer and redder (by i − J or z − J colours) than L subdwarfs respectively. Criterion (6) rejects bright early type stars and targets which are too faint to have good optical detection by SDSS or difficult for spectroscopic follow-up. To take account of a broader range of SDSS imaging we also performed a visual inspection of candidates using the SDSS Navigate tool. Known L subdwarfs all appear red in the combined g, r, i false colour images presented by Navigate, and we thus rejected objects that appeared as blue, yellow or orange. Typically such objects are mis-matches or earlier type objects with poor photometric calibration. Filled squares are the six new L subdwarfs (red for sdL, blue for esdL) from this paper. Red, blue and black crosses are sdM5-8.5, esdM5-8 and usdM5-7.5 subdwarfs confirmed with SDSS spectra and classified based on Lépine, Rich, & Shara (2007) . A diamond filled with blue is 2MASS J014231.87+052327.3 (2M0142; Burgasser, Cruz, & Kirkpatrick 2007a) . SSSPM 1013-1356 (SSS1013; ) is indicated with a black filled circle and a larger open circle. 2MASS photometry of some known L subdwarfs have been converted into the MKO system according to Hewett et al. (2006) . Some objects do not show error bars because these are smaller than the symbol size. Grey dots are 5000 point sources selected from a 10 deg 2 area of UKIDSS with 14 < J < 16. Yellow dots are 1820 spectroscopically confirmed late-type M dwarfs (for which mean spectral types are indicated) from West et al. (2008) . Black asterisks are L dwarfs from DwarfArchives.org with UKIDSS and SDSS detections. The BT-Settl model grids (Allard, Homeier, & Freytag 2011; Baraffe et al. 2015) with log g = 5.5 (magenta) are over plotted for comparison, with T eff and metallicity indicated. The dashed cyan lines indicate our i − J and J − K colour selection criteria (equations 3 and 4). 4 Lodieu et al. (2012); 5 Bowler, Liu, & Dupuy (2010) and Schmidt et al. (2010) . Objects which survived our colour cuts and visual inspection, were advanced for proper motion assessment based on ULAS and SDSS multi-epochs imaging (following Zhang et al. 2009 ). Proper motions were calculated based on coordinate and epoch differences between SDSS and UKIDSS observations. We only use proper motions for 80 percent of our candidates which have baselines of 1-10 years. Objects with proper motion less than 100 mas/yr were rejected unless they had very blue J − K < 0.3. We thus only used our proper motion criterion for less extreme colours where con-
. NIR spectra of four new L subdwarfs (black) compared to known L subdwarfs (red). Spectra are normalised near 1.3-µm. For comparison, L subdwarf SDSS-UKIDSS photometric flux points (converted from magnitudes with VOSA, Bayo et al. 2008 ) are shown as blue crosses. The spectrum of 2M1756 is from Kirkpatrick et al. (2010) . Our new X-shooter spectrum (red) of 2M0616 is over plotted with the optical and NIR spectra of 2M0616 (blue) from Cushing et al. (2009) in the middle. Telluric absorption regions are highlighted in light yellow and have been corrected for our objects observed with X-shooter. Light and thick shaded bands indicate regions with weak and strong telluric effects.
tamination rates will be greater. The proper motion criterion was not adopted for the 20 percent of objects for which the SDSS-UKIDSS baseline was less than a year. In this way we selected 66 candidates, which included five previously known L subdwarfs. Six of our new candidates were subsequently confirmed spectroscopically as L subdwarfs (see Section 3), and their J − K and i − J colours are plotted in Figure 1 which provides a comparison with other populations and models. Table 1 presents the photometry of five known and six new L subdwarfs. Another 28 new subdwarfs (including one usdL5, six esdL0-esdL5 and 21 sdL0-sdT0) spectroscopically confirmed from our sample will be presented in a following paper. Figure 3 . Optical spectra of two new L subdwarfs (black) compared to dwarf standards (red). Spectra of 2MASS J0147334+345311 B (2M0147), 2MASS J0251222+252124 (2M0251), 2MASS J0345432+254023 (2M0345) and 2MASS J14392836+1929149 (2M1439) are from Kirkpatrick et al. (1999) . The spectrum of LSR 1826+3014 (LSR1826) is from (Burgasser et al. 2004b) . Spectra are normalised at 0.825-µm. Telluric absorption regions are highlighted in yellow, which are corrected for SD1347 observed by SDSS, but not corrected for SD1333 observed with OSIRIS. 
SPECTROSCOPIC OBSERVATIONS
A summary of the characteristics of the spectroscopic observations presented in this paper is given in Table 2 . Columns 1-6 give names of targets, telescope, spectrograph, observation date, seeing and airmass. Columns 7-9 and 10-12 give wavelength ranges, slit width (fiber diameter for SDSS), numbers of exposures and integration times for optical and NIR observations respectively. Columns 13-14 give telluric stars and their spectral types. Observed spectra are plotted in Figures 2, 3 and 4.
3.1 New L subdwarfs ULAS J151913.03−000030.0 (UL1519) and ULAS J021642.97+004005.6 (UL0216) were first confirmed with the X-shooter spectrograph (Vernet et al. 2011 ) on the Very Large Telescope (VLT) on 2012 January 29 with total integration times of 1960 s in the NIR and 1600 s in the visible (VIS), as backup targets of a large programme (Day-Jones et al. 2013; Marocco et al. 2015) . X-shooter has a resolving power of 5100 in the NIR arm and 8800 in the VIS arm with a 0.9 slit. With a 1.2 slit it has a resolving power of 4000 in the NIR arm and 6700 in VIS arm. A second X-shooter spectrum of UL1519 was observed in much better seeing and at lower airmass on 2013 April 6 with a total integration time of 1160 s in the NIR and 820 s in the VIS arms. We started a follow up programme of known L subdwarfs with X-shooter in 2014. We observed UL0216 on 2014 February 17 with total integration times of 3552 s in the NIR and 3396 s in the VIS. We observed UL1519 on 2016 March 22 with total integration times of 3600 s in the NIR and 3480 s in the VIS. All X-shooter spectra were observed in an ABBA nodding mode, and reduced with ESO Reflex (Freudling et al. 2013) . Telluric correction was achieved using telluric standard stars observed on the same night as our targets and at similar airmass. See Table 2 for more details of our observations.
The first and the second spectra of both UL0216 and UL1519 all have signal-to-noise (SNR per pixel) of ∼ 2 at 0.9-µm. The first and the second spectra of UL0216 have SNR ∼ 7 and ∼ 10 at 1.3-µm respectively. The first and second spectra of UL1519 both have SNR of ∼ 8 at 1.3-µm. The third spectrum of UL1519 has SNR of ∼ 12 at both 0.9 and 1.3-µm. Two spectra of UL0216 were also combined to produce a better SNR (3 at 0.9µm, and 12 at 1.3-µm) with a total integration time of 5512 s in the NIR and 4996 s in the VIS arms. Three spectra of UL1519 were combined to produce a better SNR (13 at 0.9µm, and 16 at 1.3-µm) with a total integration time of 6720 s in the NIR and 5900 s in the VIS arms. X-shooter spectra plotted in Figure 2 are smoothed by 100 pixels for the VIS arm and 50 pixels for the NIR arm, which increased the SNR by a factor of 10 and 7 times respectively and reduced the resolving power to ∼800 in both VIS and NIR.
ULAS J124947.04+095019.8 (UL1249) and ULAS J133836.97-022910.7 (UL1338) were observed with the Folded-port InfraRed Echellette (FIRE; Simcoe et al. 2008 ) spectrograph on the Magellan Telescopes on 2012 May 8, using a total integration time of 592 s for UL1249 and 1184 s for UL1338. Spectra were obtained in the prism mode which provides a resolving power of ∼400 near 1.25-µm. Spectra were reduced with the FIREHOSE data reduction pipeline 1 which is based on the MASE pipeline , and the telluric correction methodology of Vacca, Cushing, & Simon (2004) as integrated into SpeXtool (Cushing et al. 2003) . Telluric absorptions in UL1249 and UL1338 are corrected with an A0V star (see Table 2 ). Spectra of UL1249 and UL1338 have a SNR of ∼50 and ∼40 respectively at around 1.3-µm. SDSS J133348.24+273508.8 (SD1333) and SDSS J134749.74+333601.7 (SD1347) were observed by the SDSS Legacy and BOSS spectroscopic surveys respectively. An optical spectrum of SD1333 was observed with the original SDSS spectrographs on 2008 February 18. The SDSS spectrum of SD1333 has a SNR of about 3 at 0.9-µm. Another optical spectrum of SD1333 was obtained with the Optical System for Imaging and low-Intermediate-Resolution Integrated Spectroscopy (OSIRIS; Cepa et al. 2000) instrument on the Gran Telescopio Canaries (GTC). The spectrum was reduced using standard procedures within IRAF 2 . It has a mean resolving power of ∼500 and SNR of ∼150 at 0.81- µm. A B1 type star, Hilt 600 was used as a standard for flux calibration. Telluric absorptions in the spectrum are not corrected. An optical spectrum of SD1347 was observed with the BOSS Spectrographs on 2012 October 24. The SDSS spectrum of SD1347 has a SNR of ∼24 at 0.9-µm and a resolving power of ∼2000. Telluric absorptions in SDSS spectra are corrected. The spectrum of SD1347 in Figure 3 is smoothed by 5 pixels for display.
Known L subdwarfs
ULAS J124425.75+102439.3 (UL1244) was discovered as an sdL0.5 subdwarf by Lodieu et al. (2012) . We observed it as an L subdwarf candidate with the Inamori Magellan Areal Camera and Spectrograph (IMACS; Dressler et al. 2011) Short-Camera on the Baade Magellan Telescope with a total integration time of 5400 s on 2010 May 5. The spectrum covered a wavelength range of 0.65-1.02 µm, and has a resolving power of ∼1000. The spectrum was reduced using standard procedures within IRAF and has a SNR of ∼60 around 0.81-µm. A B9V type star, Hip 77673 was used as a standard for flux calibration. Telluric absorptions in the spectrum are not corrected.
WISEA J001450.17-083823.4 (WI0014) was discovered as an sdL0 subdwarf in the optical (Kirkpatrick et al. 2014) and NIR (Luhman & Sheppard 2014) . The confirmation optical spectrum of WI0014 has a spectral range covering 0.55-0.8 µm, and we obtained a new optical spectrum covering the 0.65-1.02 µm with OSIRIS on 2015 August 23. The OSIRIS spectrum of WI0014 has a resolving power of ∼300, and a SNR of ∼300 at 0.81-µm. 2MASS J00412179+3547133 (2M0041) was identified as an sdL candidate by its NIR spectrum (Burgasser et al. 2004b ). There are no optical spectra of 2M0041 in the literature, and we therefore obtained an optical spectrum with OSIRIS on 2015 August 20. The OSIRIS spectrum of 2M0041 has a mean resolving power of ∼300, and a SNR of ∼70 at 0.81-µm. Spectra of WI0014 and 2M0041 were reduced using standard procedures within IRAF. A DZA5.5 type white dwarf, Ross 640 was used as a standard for flux calibration. Telluric absorptions in the spectrum are not corrected.
2MASS J06164006−6407194 (2M0616) was discovered by ) with optical and NIR spectra observed individually. The 1.0-1.2 µm spectrum of 2M0616 is missing. We observed 2M0616 with X-shooter on 2016 January 24. The total integration times is 3600 s in the NIR and 3480 s in the VIS. The observation and data reduction are performed in the same way as UL1519 (see Section 3.1). The spectrum of 2M0616 has SNR of ∼ 15 at 0.9-µm and ∼ 18 at 1.3-µm.
CLASSIFICATION & CHARACTERISATION
The classification of UCSDs is a challenge for several reasons. Firstly, a wide variety of both optical and NIR spectral features are sensitive not only to T eff changes, but also to a wide range of metallicities. Secondly, the sample of known UCSDs (particularly L type) is small. And thirdly, there are no well resolved UCSD companions (to the more common subdwarf stars) that can be used to calibrate the metallicity consistency of a classification scheme.
Classification schemes for ultra-cool subdwarfs
Burgasser, Cruz, & Kirkpatrick (2007a) extended the M subdwarf classification scheme of Gizis (1997) out into the late M and L type regime. Gizis (1997) tested the spectroscopic metallicity scale of their subclasses of M subdwarfs with HST photometry of globular clusters, but this test was only done for early M spectral types. Kirkpatrick et al. (2016) proposed a spectral sequence of late type M and L subdwarfs as an extension of the M subdwarf classification scheme of Lépine, Rich, & Shara (2007) (hereafter LRS07). LRS07 used a metallicity index ζ TiO/CaH to define metallicity subclasses of M subdwarfs. The ζ TiO/CaH index is based on CaH2, CaH3 and TiO5 indices, which are calculated from the ratio of the average flux over 6814-6846 A (CaH2), 6960-6990Å (CaH3), 7126-7135Å (TiO5), and 7042-7046Å (Denominator), see Table 1 of LRS07). The consistency of ζ TiO/CaH as a metallicity index was examined using six resolved binaries (whose components would be expected to share the same metallicity) containing early type M subdwarfs. The metallicity consistency of subclasses of mid-late types (e.g. sdM3+, esdM5+) could not be tested due to the lack of binaries with companions in this spectral type/subclass domain. Figure 1 shows four objects lying between the esdM5-esdM8 subdwarfs and SSS1013 (which has been classified as esdM9.5 by Burgasser, Cruz, & Kirkpatrick 2007a ), but classified as late type sdM according to LRS07. This means late type sdMs classified according to LRS07 could be as metal-poor as mid type esdMs. This is because the metallicity is not consistent across all M subtypes defined by LRS07. The metallicity consistency is tested only for early type M subdwarfs (<esdM3.5, <usdM6) in their Fig. 6 . The NextGen models (Hauschildt, Allard, & Baron 1999) supported the metallicity consistency of subclasses for early type esdM and usdM subdwarfs, but not for the late types. Fig. 8 of LRS07 shows the isometallicity data points derived from the NextGen model grid and their metallicity subclass boundaries in a space of CaH2+CaH3 versus TiO5. These isometallicity data points with log Z = -1.0 and -2.0 fit in between the sdM-esdM and esdM-usdM boundaries at CaH2+CaH3 > 1.0 (equivalent to esdM3.5 or usdM3.5). Then these isometallicity data points start to go off the middle of the subclass boundaries, and finally cross these boundaries at around CaH2+CaH3 = 0.5 (equivalent to esdM7.5 or usdM7.5). The solar metallicity model data points do not follow the M dwarf sequence in Fig. 8 of LRS07, presumably because M dwarfs have more complicated atmospheres and are more difficult to reproduce with models compared to M subdwarfs.
The TiO5 band becomes more sensitive to temperature than metallicity for late type M subdwarfs. Figure 5 shows that the CaH bands strengthen with decreasing T eff while the TiO5 band generally remains constant through 3600-3200 K. Then the strengthening of CaH bands slows down and reaches a maximum at 2600 K, being less sensitive to temperature. However, TiO5 band starts to strengthen fast after 3200 K, and becomes very strong at 2600 K. It is thus not a uniform metallicity indicator across all M subtypes. tween the strength of TiO5 band and [F e/H] is thus not monotonic for late type M and early type L subdwarfs. Simple index-based classification (e.g. using TiO and CaH) can therefore misrepresent [F e/H] for later type M subdwarfs. Instead we determine subclasses via an empirical assessment of a broader range of spectral features in the optical and NIR (e.g. 0.8-µm VO and 2.3-µm CO). However, since the metallicity consistency of early M subclasses has been tested (by LRS07), we aim to anchor our classification scheme within this framework. We use classes d, sd, esd and usd, and later show (see Section 6.1) that the metallicity ranges of these subclasses are reasonably consistent with those of the early M subdwarfs.
Spectral classification of L subdwarfs
Spectral types of L subdwarfs are determined by comparing their red optical spectra to those of L dwarf spectral standards (Burgasser, Cruz, & Kirkpatrick 2007a; Kirkpatrick et al. 1999 Kirkpatrick et al. , 2010 . The optical spectra of L subdwarfs and dwarfs are different but comparable. We are mainly considering the 0.73-0.88 µm region to make a comparison, because this region changes constantly with type (e.g., Kirkpatrick et al. 1999 ) and similar features are present in the spectra of both L dwarfs and L subdwarfs. A subclass 'sdL' is used to classify L subdwarfs following the 'sdM' subclass of M subdwarfs (Gizis 1997 Burningham et al. 2010) , which was classified as sdL7 by Kirkpatrick et al. (2010) . For the naming of L subclasses, we followed the basis of LRS07 and Kirkpatrick et al. (2010) , in which d/sdL and sdL of Burgasser, Cruz, & Kirkpatrick (2007a) are generally equivalent to sdL and esdL respectively. We also defined a usdL subclass following the suppression strength of NIR spectra caused by enhanced CIA H2. Here we re-examine the spectral type and metallicity subclasses of some previously defined L subdwarfs, and then use them as spectral standards to classify our new sample.
The K I doublet around 0.77-µm is one of the most notable features in the spectra of L dwarfs. This feature is sensitive to T eff and mildly to gravity, keeps broadening from early to late L type, and is one of the main criteria for classifying L dwarfs (e.g. Kirkpatrick et al. 1999 ). The first known L subdwarf, 2M0532 was classified as sdL7±1 because it's optical spectrum compares well to those of L7 dwarfs (Burgasser et al. 2003) . However, Kirkpatrick et al. (2010) propose to classify 2M0532 as an esdL7 to indicate its extreme nature and unusual spectral morphology, and also suggest that 2M0532 may be somewhat later than L7. Figure 7 shows that 2M0532 compares well with either L7 or L7.5 spectra in the optical. 2M0532 also compares well with the L8 dwarf 2MASS J16322911+1904407 (Kirkpatrick et al. 1999 ), but compares slightly less well with another L8 dwarf, 2MASS J03105986+1648155 (Kirkpatrick et al. 2000) . Although 2M0532 compares well with either L7 or L7.5 dwarfs, we suggest to classify it as esdL7 in the absence of an object with spectral features intermediate between 2M0532 and 2M0616. 2M0616 was found and classified as sdL5 by Cushing et al. (2009) . However, Figure 7 shows that 2M0616 compares rather more favourably with the L6 spectral standard (compared to the L5) in the K I (esdL7) 2M0532 (esdL7) 2M0532 (esdL7) 2M0532 (esdL7) 2M0616 (esdL6) 2M0616 (esdL6) 2M0616 (esdL6) Figure 7 . Optical spectra of 2M0532 (Burgasser et al. 2003) and 2M0616 ) compared to L dwarf standards. Spectra are normalised at 0.835-µm. The spectra of 2MASS J16322911+1904407 (2M1632) and 2MASS J08503593+1057156 AB (2M0850 AB) are from Kirkpatrick et al. (1999) . Spectra of 2MASS J03105986+1648155 (2M0310), 2MASS J17281150+3948593 (2M1728), 2MASS J01033203+1935361 (2M0103) and 2MASS J15074769-1627386 (2M1507) are from Kirkpatrick et al. (2000) .
region. We thus adopt a classification of esdL6 for 2M0616 here. Figure 8 shows optical spectra of UL1519 and UL0216 compared to those of 2MASS J16262034+3925190 (2M1626; Burgasser 2004a) and 2M0616. The new spectrum of 2M0616 (observed with X-shooter) compares well with the optical spectrum from Cushing et al. (2009) , except for the telluric absorption region around 0.94-µm. UL1519 compares well with 2M1626 at 0.6-0.92 µm. Stronger TiO absorption at 0.85-µm (TiO decreases from [F e/H] = -1.5 to -2.5; Figure  6 ) and extra flux beyond 0.92-µm compared to 2M1626 indicates a higher metallicity. UL0216 compares better with 2M1626 than 2M0616 at 0.6-0.89 µm. UL0216 has a higher metallicity than 2M1626 and 2M0616 because it has stronger TiO absorption at 0.85-µm and a redder spectrum than 0.6 0.7 0.8 0.9 Figure 8 . X-shooter optical spectra of UL1519 and UL0216 compared to these of 2M1626 and 2M0616. Spectra are normalised at 0.83-µm. Telluric absorption regions are highlighted in yellow, and have been corrected for our objects observed with X-shooter.
2M1626 beyond 0.9-µm. Red optical and NIR spectra redden with increasing metallicity, and become bluer with increasing temperature. Therefore UL0216 could have a similar spectral profile to 2M0616 at 0.9-1.0 µm, while their NIR spectra are different due to CIA H2.
The CIA H2 and 2.3-µm CO absorption bands are strong indicators of metallicity for L dwarfs and subdwarfs. NIR spectral emission becomes more suppressed at lower metallicity due to enhanced CIA H2. The CO band is present in the spectra of late type M, L and early type T dwarfs (e.g. Kirkpatrick et al. 2010) . The CO band weakens as metallicity decreases, and eventually disappears. Figure 9 shows the optical and NIR spectra of L4, L6 and L7 dwarfs and subdwarfs normalised in the optical. The top panel of Figure 9 shows spectra of 2MASS J09153413+0422045 (2M0915; Burgasser 2007b), SD1416 (Schmidt et al. 2010) , and 2M0532. Although these objects have very similar optical spectra, they show great diversity in the NIR due to very different metallicity, and can be naturally classified in three different subclasses: L7, sdL7 and esdL7. The 2.3-µm CO band gets weaker from L7 to sdL7, and disappears for esdL7. The middle panel of Figure  9 shows spectra of 2M0850 AB, 2M0616 and SD1416, which are very similar in the optical but very different in the NIR. 
CIA H 2 Figure 9 . Optical and NIR spectra of L4, L6, and L7 dwarfs/subdwarfs with different sub-classes. Spectra have been normalised at 0.89-µm. The spectrum of 2M0532 at 1.008-1.153 µm wavelength is missing. The best fit BT-Settl model spectrum of 2M0532 (T eff = 1600 K, [F e/H] = -1.6 and log g = 5.25) is plotted to fill the gap (in magenta).
There is no sdL6 currently known, so we show the spectra of SD1416 instead. The bottom panel of Figure 9 shows spectra of 2MASS J01311838+3801554 (2M0131; ), UL0216, UL1519 and 2M1626.
We classified UL0216 as sdL4 because it compares well with 2M1626 at 0.6-0.89 µm (Figure 8 ), and has a suppressed NIR spectrum due to enhanced CIA H2. UL1519 compares well with 2M1626 at 0.6-0.89 µm (Figure 8) , and has stronger NIR suppression than UL0216, which is very similar to 2M0616 (Figure 2 ). Therefore we classify UL1519 as an esdL4 subdwarf. 2M1626 was previously classified as sdL4 based on the similarity of its optical spectrum to those of L4 dwarfs (Burgasser 2007b ). However, it has weaker TiO at 0.85-µm (Figure 8 ) and stronger NIR suppression compared to UL1519 suggesting it should be in a lower metallicity subclass. Therefore we classify 2M1626 as an usdL4 subdwarf. 2MASS J17561080+2815238 (2M1756) and 2MASS J11582077+0435014 (2M1158) are classified as sdL1 and sdL7 based on their similar optical spectra to sdL1 and sdL7 subdwarfs . Figure 2 shows that the NIR spectra of UL1249 and UL1338 compare well with 2M1756 and 2M1158, thus we classify them as sdL1 and sdL7 respectively. The 0.8-µm VO band is present in the spectra of late type M and early type L dwarfs (e.g., Bochanski et al. 2007; Zhang et al. 2009 ). The 0.8-µm VO absorption band coexists with the 2.3-µm CO absorption band in early type sdL subdwarfs (e.g. 2M1756; Kirkpatrick et al. 2010) , and is a strong indicator of metallicity. The VO band weakens as metallicity decreases, and eventually disappears. The top panel of Figure 10 shows optical spectra of early type L subdwarfs with very different VO band strengths due to different metallicity. This effect is reproduced in the BT-Settl model (Allard, Homeier, & Freytag 2014) spectra. Middle and bottom panels of Figure 10 show BT-Settl optical spectra with T eff of 2000 and 2400 K (corresponding to early and mid L types according to Section 5.2). Section 5.1 shows that the best fitting model is T eff = 2400K and [F e/H] = −0.5 for SD1347 and T eff = 2700K and [F e/H] = −1.8 for SSS1013. The 0.77-0.81 µm region changes continuously with decreasing metallicity. We classify objects that have a weaker VO band (compared to L dwarfs) as sdL subdwarfs (e.g. 2M1756), and classify objects without a 0.8-µm VO absorption band as esdL. The 0.77-0.81 µm spectral profile of an early type esdL should be well approximated by a straight slope. Early type L subdwarfs with significantly more flux in the 0.77-0.81 µm region should be classified as usdL to indicate an even more extreme effect, which is also contributed to by a weakening of TiO at 0.77-µm (as [F e/H] goes from -1.5 to -2.5; see Figure 6 ). We classify early type L subdwarfs by comparing their optical spectra to L dwarfs. Figure 3 shows the optical spectrum of SD1333 and SD1347 compared to dwarf standards. The optical spectrum of SD1347 is very similar to L0, but there are slightly stronger CaH and TiO absorption bands and the NIR photometric flux points is suppressed (see Figure 11) . We thus classified SD1347 as sdL0. SD1333 was previously classified as sdL3 based on its low SNR SDSS spectrum in Zhang et al. (2012) . Our new OSIRIS spectrum of SD1333 has much better SNR (∼150) and is very similar to spectra of L0.5-L1 types. However, it also has somewhat stronger CaH and TiO absorption bands, very weak 0.8-µm VO absorption, and a largely suppressed NIR photometric flux points (Figure 11 ). We thus re-classify SD1333 as sdL1. Kirkpatrick et al. (2016) also obtained a new optical spectrum of SD1333 and classified it as sdL0. Within the sdL subclass SD1347 is relatively metal-rich and SD1333 is relative metal-poor, according to the strength of their 0.8-µm VO bands. Following the same strategy as for SD1347 and SD1333, we classify 2M0041, WI0014 and UL1244 as sdL0.5, esdL0 and esdL0.5 respectively (see Figures 4 and 11) . Table 3 presents a note summary of the spectral characteristics of the L subdwarf metallicity subclasses that we have used to make our classifications.
Spectral type of other known L subdwarfs
We have re-examined spectral types and subclasses of some known L subdwarfs: 2M0532 (esdL7), 2M0616 (esdL6), 2M1626 (usdL4), 2M0041 (sdL0.5), WI0014 (esdL0) and UL1244 (esdL0.5) in Section 4.2. We also classified six new L subdwarfs: UL0216 (sdL4), UL1249 (sdL1), SD1333 (sdL1), UL1338 (sdL7), SD1347 (sdL0) and UL1519 (esdL4). Here we discuss the spectral types and spectral subclasses of other known blue L dwarfs and L subdwarfs based on the properties summarised in Table 3 . Figure 10 shows that it is more and more difficult to assign spectral type to early type L subdwarfs when [F e/H] < −1.5 by direct comparison to optical spectra of L dwarfs. This is because TiO bands become very sensitive to metallicity and shape the spectra of early type usdL subdwarfs in a way that is significantly different from L dwarfs. SDSS J125637.16−022452.2 (SD1256; Sivarani et al. 2009 ) was classified as sdL3.5 by Burgasser et al. (2009) . Its NIR spectrum has very similar properties to 2M1626, i.e. flat in the K-band and 0.85-µm TiO absorption, thus we classify it as an usdL subdwarf. Figure 12 shows that SD1256 has an optical spectrum that is significantly different from 2M1626, justifying a SD1256 spectral type that is one sub-type earlier than 2M1626. We therefore classify SD1256 as usdL3.
ULAS J135058.86+081506.8 (UL1350) was classified as sdL5 by comparing its optical spectrum to those of 2M1626 and 2M0616 (see Figure 2 . of Lodieu et al. 2010) . If one only examines the spectrum at 0.7-0.9 µm in Figure 2 . of Lodieu et al. (2010) , UL1350 is much more similar to SD1256 or 2M1626 than to 2M0616. The spectrum of UL1350 beyond 0.9-µm may not be reliable due to low SNR and/or poor second order flux calibration. UL1350 is not plotted in Figure  1 because it will overlap with SD1256 as they have identical i − J and J − K colours. We therefore classify UL1350 as usdL3. The 0.8-µm VO absorption is absent in spectra of early type esdL subdwarfs like SD1244 and WI0014. Figure 25 of Kirkpatrick et al. (2014) . Thus we proposed to classify these objects as esdL.
By comparing the optical spectra of known late type M and early type L subdwarfs, Kirkpatrick et al. (2014) discovered that there is a plateau at 0.738-0.757 µm that can be used to assign spectral types of L subdwarfs. The slope at the top of this plateau slowly changes from slightly redward to flat through the sdM9-sdL0.5 sequence, then becomes blueward for sdL1. This phenomenon is reproduced by the BTSettl models (Allard, Homeier, & Freytag 2014) . Figure 13 shows that this spectral slope (light yellow shaded region) changes continuously across the T eff region 2600-1600 K.
WI0014, WI0202, WI2040, WI0306 and WI0435 discovered by Kirkpatrick et al. (2014) have plateaus with flat or slightly blueward slopes and were classified as sdL0. We classify these objects as esdL subdwarf as we discussed earlier in this section. If we re-examine the spectra in Figure 25 of Kirkpatrick et al. (2014) , we find that WI0202 and WI0240 actually have 0.738-0.757 µm plateaus as flat as UL1244, thus suggesting esdL0.5. Although WI0306 and WI0435 have different metallicity subclass to 2M1756, they all have blueward plateaus, and we thus classify WI0306 and WI0435 as esdL1. Figure 4 shows that WI0014 has an almost flat plateau but has a dip around 0.756-µm, and we thus classify it as esdL0. 2M1640 has similar spectrum as UL0333, which suggests it is also an esdL0 (see Fig. 9 . of Burgasser, Cruz, & Kirkpatrick 2007a ). SSS1444 has similar spectrum to WI0306 and WI0435, which suggests they should have an esdL1 classification (see Fig. 2 . of Scholz, Lodieu, & McCaughrean 2004) . SSS1013 ( Figure 10 ) was classified as esdM9.5 by Burgasser, Cruz, & Kirkpatrick (2007a) . The 0.738-0.757 µm plateau of this object appears fairly flat but with a dip at 0.76-µm. The 0.77-0.81 µm profile of SSS1013 is significantly above a straight line slope (due to weakening of 0.77-µm TiO), which indicates an usdL subclass. Therefore we classify SSS1013 as usdL0. WISEA J213409.15+713236.1 (WI2134) was classified as sdM9 ( Figure 63 . Kirkpatrick et al. 2016 ). Its 0.738-0.757 µm plateau appears somewhat flat, suggesting a later type than sdM9. The 0.77-0.81 µm profile of WI2134 is significantly above a straight line slope (similar to SSS1013) indicating an usdL subclass, and we thus classify WI2134 as usdL0.5. LSR1826 was classified as d/sdM8.5 from its NIR spectrum by Burgasser et al. (2004b) . Figure 3 shows that LSR1826 has the same optical spectrum as SD1347, and we thus classify it as sdL0. WISEA J011639.05−165420.5 and WISEA J013012.66−104732.4 in (Figure 12 . of Schneider et al. 2016 ) compare well with LSR1826, and we thus classify them as sdL0. Table 4 shows a list of currently known L subdwarfs with updated spectral types. 16 are sdL, 12 are esdL and 5 are usdL.
Enhancement and suppression for the different L dwarf subclasses
To consider relative enhancement/suppression for the different L dwarf subclasses we plot Figure 14 and Figure 15 . Figure 14 shows spectra for a confined range of ∼L7 spectral type spanning a range of spectral peculiarity and subclass. Objects in this spectral type range should all be BDs. To give an indication of relative flux levels the spectra are normalised at 1.6-µm in Figure 14 . Since L dwarfs/subdwarfs have similar MH magnitudes (see Figure 3 of Zhang et al. 2013) , this plot indicates relative brightness levels in an absolute sense. The full sequence runs through; L7 pec, L7, sdL7, and esdL7. At the two extremes WI0047 is a young (∼ 0.1 Gyr) and low-mass BD (∼ 19 MJup; Gizis et al. 2015) , while 2M0532 is an old ( > ≈ 10 Gyr) and massive BD (∼ 80 MJup; Burgasser et al. 2008b ). The redistribution of flux from longer to shorter wavelength leads to higher absolute flux level for subdwarfs at 0.8-1.4 µm. And it is clear that in addition to differences in metallicity, a large spread in mass (and log g) and age is also evident for any particular spectral type. Similar to Figure 14 , Figure 15 shows spectra of L4, sdL4, esdL4 and usdL4 normalised at 1.6-µm. It is obvious that an usdL4 subdwarf would have a much warmer T eff than an L4 dwarf according to their SED.
Kinematics of L subdwarfs
Dwarf stars orbit the Galactic centre in a similar direction as part of the Galactic thin disc, while cool subdwarfs may be part of the (more dispersed) thick disk or could be on more extended orbits within the Galactic halo. Thus cool subdwarfs will generally have more dispersed U, V and W space velocities compared to dwarfs (U is positive in the direction of the Galactic anti centre, V is positive in the direction of galactic rotation, and W is positive in the direction of the North Galactic Pole; Johnson & Soderblom 1987) . The U, V, W space velocity components are thus indicators for membership of the different Galactic populations.
We calculated U, V, W space velocities for L subdwarfs based on their distances, radial velocities and proper motions following Clarke et al. (2010) . Proper motions were calculated based on SDSS and UKIDSS astrometry. To measure the spectroscopic distances of our objects we updated the spectral type versus absolute magnitude relationships in Zhang et al. (2013) . Figure 16 shows the spectral type and absolute magnitude relationships for MJ and MH in MKO photometry. Table 5 shows the coefficients of polynomial fits to these relationships in both MKO and 2MASS photometric systems. These relationships are fitted with M and L subdwarfs of esd and usd subclasses. From Figure 16 we can see that the spectral type and MH relationships of dwarfs and subdwarfs are very similar between M7 and L7. This means M7-L7 subdwarfs of different metallicity subclasses have similar MH if they have same subtype. Therefore, we estimated distances of our objects with the spec- c Spectral types adopted in this paper. Objects not examined in this paper have no value here.
tral type and MH relationship which minimised the uncertainty due to subclass classification. The radial velocities of UL0216, UL1519, UL1249 and UL1338 were measured using their K I lines in the J-band, while radial velocities of SD1333 and SD1347 were calculated from redshifts in the SDSS database (based on cross-correlated SDSS spectroscopy). Table 6 presents the distance constraints and astrometric measurements for our six new L subdwarfs. Figure 17 shows the U, V, W velocities of 11 subdwarfs including five known L subdwarfs with parallax distances, and our six new L subdwarfs. The 1 and 2σ velocity dispersions of the thin disk, thick disk and halo (Reddy, Lambert, & Allende Prieto 2006) and esdM and usdM subdwarfs (Zhang et al. 2013 ) are also plotted for comparison. While Table 5 . Coefficients of third-order polynomial fits of absolute magnitude (M abs ) as a function of spectral types (SpT ) for M0-L7 subdwarfs in Fig. 16 . The fits are defined as M abs = c 0 + c 1 × SpT + c 2 × SpT 2 + c 3 × SpT 3 . SpT = 0 for M0 and SpT = 10 for L0. The root mean square (rms) of polynomial fits are listed in the last column. Figure 15 . Spectra of L4 dwarfs/subdwarfs normalised in the H-band at 1.6-µm. 
80±14
a Spectroscopic distances based on the relationship between spectral type and H-band absolute magnitudes (Figure 16 ).
expected scatter in velocity precludes direct kinematic association of individual objects, we can usefully consider the overall kinematic distribution in Figure 17 . It can be seen that none of the L subdwarfs (previously known and new) lie within the 2σ thin disk velocity dispersions in both plots. Four out of five of the previously known L subdwarfs lie beyond the 2σ thick disk velocity dispersion, whereas approximately 50 per cent of the new L subdwarfs lie in this region. This is consistent with the L subdwarfs being members of the thick disk or halo populations. It is also indicative (though these are low number statistics) of the new sample having a somewhat higher fraction of thick-disk members (compared to halo members).
ATMOSPHERIC PROPERTIES

Model comparison
Optical-NIR spectra of L subdwarfs are affected by T eff , metallicity and log g in a complicated way. The NIR spectra are mainly affected by T eff and metallicity, and less so by log g. While the optical spectra are most sensitive to T eff , with a lower level of metallicity and log g sensitivity. Thus, taken together the optical-NIR model comparisons combine to provide an improved ability to yield T eff and metallicity constraints of L subdwarfs. Although the broadness of the K I wings is gravity sensitive, this is not detrimental to L subdwarf classication since they are all old and have small variation in surface gravity.
Atmospheric models can reproduce the overall observed SED of UCSDs, and can closely reproduce a variety of optical and NIR spectral features. For model fitting we made use of the BT-Settl model grids 3 . The BT-Settl model grids for 2700 K < = T eff < = 3000 K are from Allard, Homeier, & Freytag (2011) , cover −2.5 < = [F e/H] < = −0.5 and 5.0 < = log g < = 5.5, with intervals of 100 K for T eff and 0.5 dex for both [F e/H] and log g. The BT-Settl model grids for 1400 K < = T eff < = 2600 K are from Allard, Homeier, & Freytag (2014) , cover −2.5 < = [F e/H] < = −0.5 and 5.0 < = log g < = 5.75, with intervals of 100 K for T eff , 0.5 dex for [F e/H] and 0.25 dex for log g (surface gravity). We also used linear interpolation between some models where this was able to yield an improved fit.
We took a non-standard approach to fitting these models. Non uniform levels of fit quality (across different wavelength features), and the availability of model grid coverage, makes routine reduced-Chi-squared (χ 2 ) fitting problematic. We therefore adopted a hybrid method (combining visual fits with uncertainty estimates informed by reduced χ 2 calculations). We identified best-fit BT-Settl model spectra through visual comparison with our observed spectra, noting (see below) any outstanding issues with our chosen best-fits. Our 3 https://phoenix.ens-lyon.fr/Grids/BT-Settl/ output fit results include BT-Settl model parameters where a favourable comparison was found. To assess the uncertainties associated with these fits we selected a representative test-sample from amongst our subdwarfs, and measured the reduced χ 2 values for their best-fit models. We then determined reduced χ 2 values for models with parameters close to the best-fit (where model grid availability allowed), and used linear interpolation to estimate parameter uncertainties representative of ±1 − σ (i.e. a reduced χ 2 increase of 1.0). The results were reasonably uniform across our testsample, and indicate uncertainties of ∼120 K in T eff , ∼0.2 dex in [F e/H], and ∼0.2 dex in log g.
To provide an additional test for the models and check the reliability of our results, we performed our fits not only for the six new subdwarfs (Table 1) and three known L subdwarfs that we observed, but also for another 13 known late type M and L subdwarfs for which optical and NIR spectra were available. Table 7 shows the resulting best fit atmospheric parameters for all 22 UCSDs. Figure 18 shows optical+NIR spectra of late type M and L subdwarfs compared to BT-Settl models. Figure 19 shows the optical spectra of four L subdwarfs (SD1347, SD1333, UL1244 and WI0014) for which no NIR spectral coverage was available. Overall 22 late type M and L subdwarfs were fit well by BT-Settl models.
From Figure 18 we can see that the BT-Settl model fits of very metal-poor UCSDs (e.g. [F e/H] < −1.5) are better than for objects with higher metallicity. This is possibly because more metal-poor atmospheres are simpler and easier to model. UL0216 is fit well by the BT-Settl model spectrum with T eff =1600 K, [F e/H] = −0.6 and log g = 5.25. However, the model over estimates the water absorption band around 1.5-µm. The BT-Settl model fit to UL1519 2M0532 (esdL7) BT-Settl: 1600, -1.6, 5.25 Figure 18 . Optical-NIR spectra of 18 late type M and L subdwarfs compared to the best fit BT-Settl models. T eff , [M/H] and log g of the models are indicated. Spectra are normalised at 1.3-µm. Model spectra have resolving power of 1000 for 1600 K < = T eff < = 2000 K, 500 for 2100 K < = T eff < = 2600 K and 200 for 2700 K < = T eff < = 3000 K at 1-µm. Spectra of APM0559 and LEHPM 2-59 are from Burgasser & Kirkpatrick (2006) , LHS377 and SSSPM1013 are from Burgasser (2004a) , 2M0041, 2M0142 and 2M1640 are from Burgasser et al. (2004b) , and 2M0447 is from Kirkpatrick et al. (2010) . The optical spectrum (0.65-0.82 µm) of SSS1013 is from Burgasser, Cruz, & Kirkpatrick (2007a) . The spectrum of 2M0616 and optical spectrum (0.6-0.92 µm) of 2M0041 is from this paper. Spectra of 2M0532 and 2M1756 are from Burgasser et al. (2003) and respectively. Optical spectra (before 0.82-µm) of SD1256 and 2M1626 are from Burgasser et al. (2009) and Kirkpatrick (2007a) respectively.
is better in the optical, than in the NIR. UL1338 is fit well by the model, but the BT-Settl models are not reliable at T eff < 1800 K and [F e/H] > −1.0 when we consider the J − K colours derived from the model spectra (Figure 1) . The model may not represent the true atmospheric parameters of UL1338. Figure 19 shows that optical spectra alone can provide reasonable results when fitting the properties of such early type L subdwarfs. Further evidence for this comes from SD1347 (optical-only fit) and LSR1826 (optical + NIR fit, Figure 18 ), which are fit well by the same model. The BTSettl model was very effective at reproducing the observed spectrum of UL1244.
Spectral type and T eff relationships
The T eff is typically the most important factor in shaping the spectra of VLMS and BD. Mid to late type M subdwarfs Dwarfs (Filippazzo et al. 2015) esdMs (Burgasser & Kirkpatrick 2006) Figure 20. Spectral types and T eff of late-type M and L subdwarfs. The black line shows the spectral type and T eff correlation from Filippazzo et al. (2015) with a rms of 113 K (shaded area). Two purple solid lines are spectral type and T eff correlations for esdMs based on optical (upper) and NIR (lower) spectra from Burgasser & Kirkpatrick (2006) . The green solid line is our polynomial fit to the esd and usd subdwarfs (equation 7) with a rms of 32.5 K (shaded area). Spectral subtypes are offset by ±0.1 for clarity when two objects share the same spectral type and T eff .
are found to have higher T eff than M dwarfs of the same type (Burgasser & Kirkpatrick 2006; Rajpurohit et al. 2014) . Figure 20 shows the relationship between spectral type and T eff of late type M and L subdwarfs from Table 7 . The errors on T eff in Figure 20 are about 120 K. The T eff values for these subdwarfs are about 100-400 K higher than dwarfs with the same spectral types. The T eff of early type sdL subdwarfs are about 100-200 K higher than early type L dwarfs. Figure  20 also shows that a subdwarf can have similar T eff to a dwarf classified 2-3 subtypes earlier. For instance, objects with spectral types of L0.5, sdL1 and usdL3 would have similar T eff . We have determined a polynomial fit to the spectral type (SpT ) and T eff of objects with esdM5.5-esdL7 and usdM7-usdL4 types, which follows:
with a rms of 32.5 K. In this equation SpT = 10 for esdL0/usdL0, and SpT = 17 for esdL7/usdL7 (etc). All sdLs were excluded in the fit simply because most of these examples are confined to a small range (sdL0-1) in spectral subtype. Our T eff estimates for late type M subdwarfs are consistent with the results from Burgasser & Kirkpatrick (2006) where they made NIR spectral fits to the subsolar metallicity models NextGen (Hauschildt, Allard, & Baron 1999; Allard et al. 2001) and Ackerman & Marley (2001) . The T eff of the four esdM5-esdM8 subdwarfs in Burgasser & Kirkpatrick (2006) were estimated based on optical spectra and are about 150 K higher than those based on NIR spectra. The T eff of late type M subdwarfs estimated from high resolution optical spectra and BT-Settl models in Rajpurohit et al. (2014) are also 150-200 K higher than our results. Thus there is a discrepancy between the T eff difference (between late type M subdwarfs and dwarfs) reported by Rajpurohit et al. (2014) and that found in our analysis (400-500 K and 200-400 K respectively). Also, Fig. 7 of Burgasser & Kirkpatrick (2006) presents a T eff difference (between the sequences) of 400-600 K, based on NIR spectral fits. The difference with our result is mainly due to the M dwarf T eff scale that we used (Filippazzo et al. 2015) , which is warmer than that used by Burgasser & Kirkpatrick (2006) . The older spectral type T eff relation for M dwarfs underwent some improvement by Filippazzo et al. (2015) , who used a larger sample and newer models. This work is also consistent with a sample of M dwarfs from Mann et al. (2015) for which T eff estimation were relatively independent from models.
DISCUSSIONS
Metallicity ranges of the sub-classes of M and L subdwarfs
Metallicity plays an important role in shaping the spectra of VLMS and BD, causing shifts in the spectral types and temperature scale. L subdwarfs are a natural extension of M subdwarfs into lower mass and T eff regimes. M subdwarfs are brighter and more numerous than L subdwarfs, and relatively well characterised, thus they provide a useful comparison and possible reference for the characterisation of L subdwarfs.
To determine the metallicity subclasses of M dwarfs and subdwarfs LRS07 used the metallicity index ζ TiO/CaH , and defined four metallicity subclasses: ultra subdwarf (usdM; ζ TiO/CaH < 0.2), extreme subdwarf (esdM; 0.2 < ζ TiO/CaH < 0.5), subdwarf (sdM; 0.5 < ζ TiO/CaH < 0.825) and dwarf (dM; ζ TiO/CaH > 0.825). The metallicity distributions of these four subclasses became clear when metallicity (Table 8) between early type dM, sdM, esdM and usdM derived from Fig. 9 of Pavlenko et al. (2015) . Objects with T eff > 3500 K (yellow, red, blue and black crosses are for dM, sdM, esdM and usdM respectively) are from Woolf & Wallerstein (2006) and Woolf, Lépine, & Wallerstein (2009 We calculated approximate metallicity ranges for the four LRS07 subclasses of M0-M3 subdwarfs using the ζ TiO/CaH ranges from LRS07 and equation (8) (these are presented in the left hand side of Table 8 ). As we discussed in Section 4.1, the metallicity consistency of ζ TiO/CaH is tested only for early type M subdwarfs. The ζ TiO/CaH index is not a consistent indicator of metallicity across all M subtypes and L types. Figure 21 explores how metallicity subclass distributions map onto the metallicity-T eff plane for M, L and T types. Three black dashed lines indicate the boundaries be-tween K, M, L and T dwarfs/subdwarfs which are derived from spectral type-T eff relationships of late type M and L dwarfs (Filippazzo et al. 2015) and subdwarfs (equation 7) augmented with data from Mann et al. (2015) . Different symbol shapes/colours indicate different spectral subclasses (see figure caption) . These late M and L subdwarf subclasses are modified from the literature in Section 4.2. We note that there are no L subdwarf benchmark companions currently known, and although there are additional known T subdwarfs in the literature, none have metallicity constraints as robust as the objects shown in the plot.
The approximate metallicity ranges of the subclasses of M0-M3 defined by LRS07 are shown as dotted lines on the left of the plot. It can be seen that these metallicity ranges reasonably bracket the four LRS07 metallicity subclasses (d, sd, esd, and usd), though there is some scatter that leads to each LRS07 subclass spreading into adjacent metallicity ranges (this will be further discussed later in this section). We also establish the approximate metallicity ranges for the subclasses of L subdwarfs (or more generally the T eff < = 3000 K population). The metallicity range for these UCSDs is [F e/H] > −0.3 and is −1.0 < [F e/H] < = −0.3 for the sd subclass. These are very similar to the metallicity ranges of the LRS07 dM0-3 and sdM0-3 subclasses. At lower metallicity (for T eff < = 3000 K), the metallicity range is −1.7 < [F e/H] < = −1.0 for the esd subclass and is [F e/H] < = −1.7 for the usd subclass. These cover slightly different metallicity ranges than the (M0-M3) LRS07 esdM and usdM subclasses.
By comparison, the kinematic halo population of FGK stars have [F e/H] < ≈ −0.9 and a metallicity distribution function peaks at [F e/H] ≈ −1.7 (Laird et al. 1988; Spagna et al. 2010; An et al. 2013) , well matched to the two lowest metallicity ranges for both classification schemes. And thin disk stars generally have [F e/H] > −0.3 (e.g. from APOGEE; Hayden et al. 2015) , well matched to the highest metallicity range for both schemes.
Although the metallicity ranges for the two subclass schemes appear reasonably consistent, there is some evidence that they may not be consistent in the late M regime. The metallicity ranges of the LRS07 subclasses were estimated using M0-M3 subdwarfs, and we note three later dwarfs in the LRS07 esdM subclass that have metallicity well below the approximate range expected from M0-M3 dwarfs. G224-58 B (esdM5.5 according to LRS07) has a significantly lower metallicity than earlier esdM dwarfs, and APM0559 and LEHPM 2-59 have similarly low metallicity and are classified as esdM by LRS07 and usdM in this paper. Changing metallicity ranges within a metallicity subclass is not ideal, and attempts to mitigate against this were made by LRS07 through the use of wide binary systems (whose components should be common metallicity) to help define subclass divisions. However, the lack of subdwarf binaries with early and late M components could have led to metallicity gradients across the LRS07 subtypes. Any such gradients appear to be largely absent from the T eff < 3200 K subclasses scheme. Clearly more binary systems like SDSS J210105.37-065633.0 AB (esdM1.5+esdM5.5; Zhang et al. 2013; Pavlenko et al. 2015) would be very useful if the metallicity subclasses of early-late M subdwarfs are to be refined. (Dupuy & Liu 2012 ). The shaded area shows the fitting rms. Three numbers to the left of three sdT companions indicates that [F e/H] was inferred from their bright primary stars (Cenarro et al. 2007; Rojas-Ayala et al. 2012; Pinfield et al. 2012) . Note the sdL7 and the sdT7.5 are components of a wide binary SD1416 AB. Error bars for some objects are similar to or smaller than the plotting symbols.
Absolute magnitudes of L and T subdwarfs
In Figure 22 we plot MJ and MH absolute magnitude against spectral type relationships for L and T dwarfs and subdwarfs. The dwarf sequence (red line) comes from Dupuy & Liu (2012) . These six L subdwarfs with parallax distances are: 2M0532 (Burgasser et al. 2008b; Schilbach, Röser, & Scholz 2009 ); 2M0616 (Faherty et al. 2012 ), SSS1013, 2M1256 and 2M1626 (Schilbach, Röser, & Scholz 2009 ) and SD1416 A (Dupuy & Liu 2012) . To extend the subdwarf sequence into the T dwarf regime we collected T subdwarfs with direct or indirect parallax measurements from the literature. They are either single objects with parallax distances or companions to bright stars which have parallax distances. The parallax of 2MASS J09373487+2931409 (T6p; Burgasser et al. 2002) was measured by Schilbach, Röser, & Scholz (2009 It is interesting to compare the dwarf and subdwarf sequences. M0-M5 dwarfs are brighter in the J-band than subdwarfs of the same spectral type, while M7-L7 dwarfs are fainter in the J-band (see Figure 16 ). Figure 22 shows that T dwarfs are brighter in J and H than sdT subdwarfs of the same spectral type. A larger sample of L and T subdwarfs with parallax distances would allow us to have a better idea of how and why they are different from dwarfs.
The sdT subdwarfs have MJ and MH that are fainter by 1-2 magnitudes when compared to T dwarfs with the same NIR spectral type. Distances of isolated late type T subdwarfs will be over estimated by 2±0.5 times, if they are based on relationships between spectral type and J or H absolute magnitude (e.g. Dupuy & Liu 2012; Faherty et al. 2012) . Pinfield et al. (2014) also noted that the distance constraints (estimated from T dwarf absolute magnitude vs spectral type relations) for two highly K-band suppressed fast moving T subdwarfs are much greater when using NIR bands than for mid-infrared bands.
SUMMARY
In this paper we presented the discovery of six L subdwarfs from SDSS and UKIDSS (UL0216, UL1249, SD1333, UL1338, SD1347, UL1519). We also presented new optical spectra of three previously known L subdwarfs (WI0014, 2M0041, UL1244). We discussed the spectral properties of the known L subdwarfs, performed some re-classification of some known objects, and determined spectral type and subclass for our new L subdwarfs.
We compared the nine measured objects with BT-Settl model spectra, and estimated their T eff and metallicity. We also estimated atmospheric properties of another 13 known late type M and L subdwarfs for which red optical and NIR spectra are available. BT-Settl models were successful in reproducing the overall optical-NIR spectral profile of M and L subdwarfs, particularly at [F e/H] < = −1.0. However, the BT-Settl models could not reproduce in detail some optical spectroscopic features of L subdwarfs. Our model fit results show that esdL and usdL subdwarfs have temperatures about 200-300 K higher than L dwarfs with the same spectral type, and and have similar T eff to L dwarfs that are about 2-3 subtypes earlier.
We also found that the approximate metallicity ranges of the T eff < = 3000 K subclasses (including the L subdwarfs and some sdT dwarfs) are: [F e/H] < = −1.7 for usd, −1.7 < [F e/H] < = −1.0 for esd and −1.0 < [F e/H] < = −0.3 for sd. The metallicity ranges of the subclasses of cooler (T eff < 3000 K) M and L subdwarfs are reasonably consistent with early type M subdwarfs. However there is some evidence for a metallicity gradient across the LRS07 subclasses. Binary systems containing both early and late type M subdwarfs could be an important tool if the T eff > 3000 K M classification scheme is to be refined.
In the NIR L subdwarfs are more luminous than L dwarfs with the same spectral type, while late type sdT subdwarfs are less luminous than T dwarfs with the same spectral type. The J-band absolute magnitudes of five known late type sdT subdwarfs are 1-2 magnitude fainter than T dwarfs with the same spectral type. Spectroscopic distances of known sdT subdwarfs would be over estimated by 2±0.5 times if based on spectral type and NIR absolute magnitude relationships for T dwarfs. 
